The mass, isotope, and isobar distributions of limiting temperatures for finite nuclei are investigated by using a thermodynamics approach together with the Skyrme energy density functional.
The nuclear symmetry energy plays a crucial role for understanding nuclear phenomena and for exploring the equation of state (EOS) for isospin asymmetric nuclear matter. Significant efforts have been devoted to constrain the symmetry energy at both high densities [1, 2] and subsaturation densities [3] [4] [5] [6] [7] [8] . Up to now, some constraints on symmetry energy at subnormal densities have already been obtained from different experimental measurements that include nuclear structure and reactions [6, [9] [10] [11] [12] [13] . However, the uncertainties of the density dependence of nuclear symmetry energy are still large. More information on the nuclear symmetry energy is still required for understanding the structures of nuclei far away from the β-stability line, heavy-ion collisions, supernova explosions, and neutron star properties [14, 15] .
The energy per nucleon in uniform nuclear matter can be written as E(ρ, δ) = E 0 (ρ, δ = 0) + E sym (ρ)δ 2 , where δ = (ρ n − ρ p )/ρ, ρ n , ρ p , and ρ are the neutron, proton, and nucleon densities, respectively. E sym (ρ) describes the density dependence of symmetry energy and can be expended as
where L sym = 3ρ 0 ∂Esym(ρ) ∂ρ | ρ 0 and K sym = 9ρ 2 0 ∂ 2 Esym(ρ) ∂ 2 ρ | ρ 0 denote the slope and curvature parameters, respectively. On the other hand, the symmetry energy also depends on the temperature, which is also of fundamental importance for the liquid-gas phase transition of asymmetric nuclear matter, the dynamical evolution mechanisms of massive stars and the supernova explosion. The behavior of the temperature dependence of the symmetry energy is less well understood [16] [17] [18] [19] [20] , which compares the symmetry energy at zero temperature.
It is found that the calculated limiting temperature sensitively depends on the stiffness of the EOS (the incompressibility), critical temperature, surface tension, et al. [21] [22] [23] [24] . From experimental observations of limiting temperature, Natowitz et al. successfully derived the critical temperature and the incompressibility of isospin symmetric nuclear matter [25, 26] .
Further, Li and Liu [24] pointed out that the isotope distribution of limiting temperatures sensitively depended on the isospin dependent part of interaction. But the effects of the isoscalar and isovector parts of the EOS on limiting temperature are entangled in their paper. In this Rapid Communication, to manifest the isospin effect, we first investigate the limiting temperatures of nuclei in isotope and isobar chains. Then we investigate the correlation between the isotope (isobar) distribution of the limiting temperatures and the density dependence of symmetry energy. In addition, we attempt to extract the information of the density dependence of symmetry energy at finite temperatures from available experimental data.
We use the same model as that used in Refs. [24, 27, 28] . Within this model a hot nucleus is considered as a spherical liquid droplet of uniformly distributed nuclear matter at constant temperature. This liquid droplet is in thermal equilibrium with the surrounding vapor. The thermal, mechanical, and chemical equilibriums between the liquid droplet and the surrounding vapor are required, which leads to a set of standard coexistence equations,
The subscript L refers to the liquid droplet, and the subscript V refers to the surrounding vapor. For simplification, the Coulomb interaction is screened in the calculation of the pressure and the proton chemical potential of the surrounding vapor. The maximum temperature at which the coexistence equations have solutions is the limiting temperature. The chemical potential of the nucleon of species q can be written as
where the symbol "+" stands for neutrons and the symbol "−" stands for protons. The λ T is the effective thermal wavelength of the nucleon, which reads
m * q and u q are the effective mass and the single-particle potential energy, respectively, b n 's are the coefficients of the virial series for the ideal Fermi gas, g s,I = 4 is the spin-isospin degeneracy, and ε Coul is the Coulomb energy term. The total pressure of droplet is written as where U and τ q in P bulk are the potential density and the kinetic-energy density of the nucleon, respectively, P Coul is the pressure contributed by the Coulomb interaction, and P surf is the pressure contributed by the surface tension that includes a symmetry-surface term suggested in Refs. [30, 31] (which is called Surf2 in Ref. [24] ). The critical temperature for infinite nuclear matter is taken as 17 MeV, referenced from Ref. [26] where T c = 16.6 ± 0.86
MeV.
The effective Skyrme interaction is adopted in this Rapid Communication, and the expressions of m * q , u q , and τ q can be found in Ref. [24] . To study the effect of symmetry energy on limiting temperature, 29 sets of Skyrme interactions are selected in the calculations with the values of incompressibility K ∞ = 230 ± 30 MeV and quite different values of L sym and K sym . In Table I , we list the slope parameter L sym , asymmetry coefficient a s at temperatures of T =0/5 MeV, curvature parameter K sym , and incompressibility module K ∞ at temperature of T =0 MeV, predicted by these Skyrme interactions. The Skyrme interactions are sorted by the ascending order with slope parameter L sym at zero temperature. Figure 1 presents the density dependence of the symmetry energy with some Skyrme interactions, which describe the possible behavior of the symmetry energy predicted by different theories. Especially, we select the Skz-series because these interactions have almost the same isoscalar part but varied isovector part in the EOS, which are especially useful for studying the symmetry energy effect. The data, which are extracted from a number of different experimental measurements and only for symmetric or slightly asymmetric nuclei, are taken from Refs. [25, 26] . From with the stiffer EOS obtains the higher limiting temperature, which is consistent with other investigations [22] [23] [24] . As expected, the behavior of the symmetry energy does not significantly influence the mass dependence of the limiting temperatures for the β-stability nuclei.
For example, the calculation results with Skz-1 and Skz4 are almost the same, although the corresponding isovector parts are quite different. To reveal the isospin energy effect more clearly, we further study the limiting temperatures of nuclei in isotope and isobar chains. To understand the effect of symmetry energy on the limiting temperature, in Fig. 4 , we present the correlations of µ n ∼ P and µ p ∼ P for 136 Sn and the surrounding vapor at T =5, simultaneously exist intersects for µ n ∼ P and µ p ∼ P at δ V =0.5, and intersects do not exist for δ V =0.8 with Skz4 because the proton chemical potential with δ V =0.8 is reduced too much. For the Skz-1 case, there simultaneously is no intersect for the µ n ∼ P and µ p ∼ P curves. At T = 8 MeV there simultaneously is no intersect between the liquid and the vapor curves for µ n ∼ P and µ p ∼ P because the vapor µ p ∼ P curve becomes too low to cross over the liquid µ p ∼ P curve for the Skz4 case and, for the Skz-1 case, the vapor µ n ∼ P curve becomes too low to cross over the liquid µ n ∼ P curve. From the above discussions, it can be understood that the softer symmetry energy increases the µ n of the vapor, which makes it possible for the vapor to be in equilibrium with the liquid at a higher temperature.
Thus, the higher limiting temperature is obtained for the softer symmetry energy case.
The experiment S254, conducted at the SIS heavy-ion synchrotron at GSI Darmstadt, was devoted to study the isotope effects in projectile fragmentation at relativistic energy [48] . attempting to obtain some information on the density dependence of the symmetry energy at finite temperatures with these data. interactions fail to reproduce the experimental data for 80,93 Sr. The results are overestimated.
It seems that the symmetry energy is too soft. To describe the experimental data, more interactions with various stiffnesses of symmetry energy, which includes those sugguested by Dutra et al. [44] , are included in the calculations. It seems that the results with SkT5
reproduce the data reasonably well. However the calculation results look a little messy, even if just the partial results are shown in the figure. We believe that this chaos is caused mainly by different isoscalar parts of the EOS as shown in Fig. 2 . It is known that both the isovector and the isoscalar part influence the results. To reduce the influence from the isoscalar part of the interaction, we only concentrate on the shapes of the isotope distributions of limiting temperatures rather than their absolute values. To quantitatively describe the shape of the distribution, we introduce the width of distribution σ. σ is obtained by fitting the isotope distribution of limiting temperatures with a three-parameter Gaussian function,
The correlation between distribution width σ and L sym of the symmetry energy is illustrated in the inner figure in Fig. 6 . One can see that a softer symmetry energy obtains a wider distribution of the limiting temperature, which is independent on the isoscalar part of the EOS. We also note that there are some fluctuations for width σ within the range of L sym from isobar shown in Fig. 7 , the consistent conclusion can be obtained as that for the Sn isotopes,
i.e., the softer symmetry energy obtains a wider distribution of limiting temperature. Moreover, see Fig. 1 , the SkT5 has the symmetry energy almost linearly depending on density (i.e., the small K sym , which is even less constrained up to now). However, as we know that the limiting temperature depends on both the isoscalar and the isovector parts, the symmetry energy can not be constrained uniquely by two data points in the isotope and isobar distributions of the limiting temperatures. To obtain the experimental information for the width of the isotope (isobar) distribution of limiting temperatures, at least three points are needed. Thus, at least one more datum is required to determine the width of distribution in addition to 80, 93 To summarize, the mass, isotope, and isobar distributions of limiting temperatures are investigated by using 29 sets of Skyrme interactions. The correlation between the width of the isotope (isobar) distribution of limiting temperatures and the slope parameter L sym of the symmetry energy clearly is observed from the calculations. A softer symmetry energy causes a wider isotope (isobar) distribution of limiting temperatures. The neutron-proton EMS also slightly influences the width of the distribution. As a helpful observable, the width of the isotope(isobar) distribution of limiting temperatures should be measured for obtaining the information of the isovector part of the EOS, not only the momentum-independent part, but also the momentum-dependent part. 
